Objective To evaluate the effects of usual childhood dairy intake on adolescent bone health. Study design Dietary data collected in the Framingham Children's Study over 12 years were used to evaluate usual dairy consumption and adolescent bone health. Each child's average Food Pyramid servings were estimated from yearly sets of 3-day diet records. Bone mineral content (BMC) and area (BA) for total body and 6 regions (arms, legs, trunk, ribs, pelvis, and spine) at ages 15 to 17 years were the primary outcomes. Analysis of covariance was used to adjust for potential confounding by sex and physical activity, as well as age, height, body mass index and percent body fat at the time of the bone scan.
T
he long-term effect of childhood dairy consumption on bone health is still debated. Although calcium has been thought to underlie the beneficial effect of dairy on bone health, some question whether such an effect even exists. Most studies have shown at least short-term benefits of calcium supplementation, [1] [2] [3] [4] especially among children with very low baseline intakes. Among adolescents, the effects have been studied primarily in girls; most have also found beneficial effects, although to a lesser degree than generally found in younger girls. [5] [6] [7] [8] Whether the effects of calcium supplementation last beyond the initial intervention period has been questioned by investigators reevaluating studies of children participating in earlier supplementation trials. Follow-up periods have differed across trials and the findings have been inconsistent. [9] [10] [11] Some investigators have suggested that when the intervention is stopped, children in the control group will eventually acquire levels of bone mass that are comparable to those of the supplemented group. 12 The effect of dairy on bone health in children and adolescents has been studied less often than calcium, but most prospective studies and clinical trials have found that dairy intake is positively correlated with BMD or bone mass. [13] [14] [15] [16] One reviewer compared 5 such trials and concluded that when dairy served as the source of the calcium the beneficial effects on bone density were stronger than those seen with supplements alone. 17 Long-term trials of dairy intake throughout childhood would not be feasible. Therefore previous trials have had relatively short intervention periods, ranging from about 12 to 24 months. Although these studies provide valuable data on dairy's effects on bone, it is not possible to extrapolate these effects to longer-term outcomes. However, the existence of short-term benefits suggests that a lifestyle with higher intakes of dairy (and calcium) may lead to higher peak bone mass during the period of bone accrual. Thus dietary data from longitudinal studies of children are likely to provide the best available evidence for determining the long-term benefits of dairy consumption. This study uses prospective data collected over 12 years in the Framingham Children's Study (FCS). The goal of the analysis is to evaluate the effects of average dairy intake throughout childhood on adolescent bone mineral content, area and density.
METHODS
The FCS is a prospective study of diet, activity, and various physical and psychosocial risk factors among third and fourth generation descendents of the members of the original Framingham cohort. All subjects are Caucasian. A total of 106 children (ages 3 to 5 years at baseline) and their parents were enrolled in 1987 and followed annually through 1999. Only 1 child per family was enrolled. The study was conducted with the full approval of the Institutional Review Board of the Boston University Medical Center and written informed consent procedures were strictly followed.
Dietary intake was assessed by means of multiple sets of 3-day food diaries collected throughout the study. Four sets were collected during the first year and 1 or 2 sets in each subsequent year. The study nutritionist instructed each family in diary completion, including the estimation of portion sizes. During the early years of the study, parents completed all food diaries for the children and themselves. Beginning at about age 10, the child assisted in the collection of the dietary data, gradually assuming more responsibility. Food diary data were entered into the Nutrition Data System of the University of Minnesota 18 for the calculation of mean intakes of macronutrients and micronutrients.
The child's average daily servings of dairy as defined by the United States Department of Agriculture's (USDA) Food Guide Pyramid 19 were estimated by combining FCS food diary data with the Food Pyramid serving database using the technical files of the USDA's Continuing Survey of Food Intake by Individuals. 20 The food codes were linked with Nutrition Data System food codes whenever possible. When information on composite foods was insufficient to make an exact match, nutrient content data along with recipe and ingredient information were compared to determine the appropriate food servings for each food component. The USDA dairy group consists of milk, yogurt, and cheese; 1 serving is defined as a cup of milk or yogurt, 1.5 ounces of natural cheese, or 2.0 ounces of processed cheese. For other cheeses (eg, cottage cheese, cream cheese), a serving is defined as the amount of the food that provides about the same amount of calcium as a cup of milk. To estimate average servings of dairy per day over all years, we first estimated average intake at each age and then took the average intake over all ages during the exposure period of interest. The exposure period for the dietary variables ended during the cycle prior to the time of the bone scan.
Bone mineral content (BMC), bone mineral density (BMD), and bone area (BA) were assessed in the final year of the study when the children were 15 to 17 years of age with a Lunar DPX-L scanner (Lunar Corporation, Madison, Wisconsin). The scan was carried out by experienced technicians from the Framingham Osteoporosis Study. 21 Subjects were scanned in a supine position with arms against the side of the body, palms facing down. The results of all scans were analyzed with the Lunar IQ program, software version 4.6b. The scanner provided estimates for both bone and soft tissue variables for the total body and specific regions (ie, arms, legs, trunk, ribs, pelvis and spine). The same quality control procedures as were used in the adult Framingham Study were used with the children. When outliers were detected, the scans were reanalyzed after checking all of the measures that had been entered into the software program. Some input errors were able to be corrected in this fashion and other errors (eg, resulting from significant artifact or incorrect positioning of the subject) led to exclusion of the data for that subject.
Total body BMC was estimated (in grams) by continuous scanner sampling across all body areas, with the output calibrated against standards for known BMC to correct for systematic errors. BMD is expressed as grams per centimeter squared of BA. Because the use of BMD may lead to overestimation of the dietary effects for children with larger bones, BMC is used here as the primary outcome of interest with BA as a secondary outcome. 22 To allow for comparison with previously published results, however, the effects of dairy on total BMD are given as well. Finally, BMC and BA were measured for the 6 individual regions. Of the 106 families who enrolled in the study, 84 had complete and usable data at the end of the study, as well as a dual energy X-ray absorptiometry (DXA) scan.
Data on potential confounding factors included the following: (a) mother's age, education level, and child's age and sex (baseline variables); (b) child's physical activity (Caltrac counts per hour), television viewing (hours per day), and energy intake (kilocalories per day) (average from each annual exam visit during the exposure period); (c) change in child's height throughout childhood as well as maximum height velocity and the age at maximum height velocity; (d) child's age, height, height z-score, weight, weight z-score, body mass index (BMI), BMI z-score and percent body fat (measured at the time of the bone scan); and (e) pubertal development (Tanner) stage and age at menarche for the girls.
Physical activity was assessed during each examination cycle on multiple days with the same electronic motion sensor (Caltrac accelerometer; Muscle Dynamics, Torrance, California). 23 A questionnaire was used to ascertain the number of hours of television watched per day on weekdays and schooldays. Duplicate height and weight measures were taken without shoes (and in light clothing) at each annual visit using a standard counterbalance scale with a measuring bar. The child's attained height at the time of the bone scan was examined as a potential confounder as well as the change in height, estimated as both height velocity (change in height from 1 examination to the next divided by time between exams) and slope (average yearly change in height using all measures from baseline through examination 11). Because maximum height velocity and age at the time of maximum velocity are correlated with maturational development during adolescence, we considered both of these variables as potential confounders. Body mass index (BMI) was calculated for each examination as the child's weight (in kilograms) divided by height in meters, squared. The z-scores for height, weight, and BMI were estimated with available standards from the Centers for Disease Control and Prevention. 24 Percent body fat (by region and in total) was measured as a part of the DXA scan and was calculated as grams of fat divided by the sum of soft tissue and BMC.
Statistical Analysis
The primary exposure of interest for these analyses was the child's average daily servings of dairy per day throughout childhood. Based on a sensitivity analysis and power considerations, two servings of dairy per day was chosen to define lower vs. higher dairy intake (ie, Ͻ2 servings vs Ն2 servings/ d). Analysis of covariance models (in Proc GLM, SAS version 9.1) were used to estimate the child's adjusted mean BMC, BA, and BMD associated with dairy consumption. Each bone outcome was examined separately as a result of strong intercorrelations between outcomes (ie, BMC, BA, BMD). Results are presented for total and region-specific bone outcomes, adjusting for body size and other potential confounding variables.
All potential confounders were examined singly and in combination. Only those variables that changed the effect estimates by 10% or more were retained in the final model. Many of the variables related to body size were highly collinear and therefore not included simultaneously in the models. For example, the Pearson correlation between weight and BMI was 0.87. In general, the variable that was the strongest confounder was retained in the final model. The child's final attained height was a stronger confounder than was height velocity, age at the time of maximum height velocity, or yearly change in height, leading us to keep attained height in the models. Maternal age and education level led to no confounding and were dropped from the models. The child's TV viewing time was collinear with physical activity and led to no confounding. It was therefore dropped along with energy intake and Tanner Stage, which also led to no confounding of the estimates. Age at menarche was considered as a potential confounder among girls; the results with and without this variable were virtually identical. Therefore, the potential confounding factors that were retained in the final models included sex and mean physical activity level (Caltrac counts per hour) during the exposure period, as well as age, height, BMI, and percent body fat (from DXA) at the time of the bone scan. Table I provides descriptive data for the children according to their usual childhood dairy consumption. The means for most baseline variables in Table I were adjusted for the child's sex and baseline age using a general linear model to estimate least squares means. Mean values at the time of the bone scan were adjusted for sex and age at the time of the scan. Children consuming 2 or more servings of dairy per day were, on average, slightly more active and watched less television than those consuming less. They consumed fewer vegetables but otherwise their food intake patterns were similar. Higher dairy intake was associated with greater caloric consumption as well as higher intakes of many beneficial micronutrients. At the time of the bone scan, children consuming Table II shows the mean BMC, BA, and BMD levels associated with dairy intake after adjusting for sex, activity level throughout childhood and age, height, BMI, and percent body fat at the time of the bone scan. Consuming 2 or more dairy servings per day was associated with significantly higher BMC, BA, and BMD. Overall, children who consumed two or more servings of dairy per day throughout childhood had a mean BMC level that was 175 gm higher than that of children consuming less (P ϭ .009). When we examined dairy intake at different age periods instead of average dairy throughout childhood, the effects were weaker. Intake at 13 to 17 years of age was a stronger predictor of bone health than was intake at earlier ages. For example, consuming 2 or more servings of dairy per day at 13 to 17 years of age was associated with an adolescent BMC that was 113 gm higher than that of lower dairy consumers (P ϭ .063). Higher dairy intake at 3 to 6 years of age was only associated with a BMC that was 29 gm higher (P ϭ .612) than that of children with lower intakes, and the effects at 7 to 11 years of age were intermediate. Thus the strongest predictor of bone health was mean dairy intake during all childhood years preceding the bone scan.
RESULTS
The combined effects of dairy and foods in other USDA food groups are also explored in Table II . For each combined exposure, children were classified into one of the following categories: high/high, high/low, low/high, and low/ low. For example, for the dairy/meat cross-classification, a child who was classified as "high/high" had higher intakes of dairy (2 or more servings) and higher intakes of meats and other nondairy proteins (4 or more servings).
Children having high intakes in both dairy and meat/ other nondairy proteins had the highest level of BMC (3090.1 g), and those with low intakes of both foods had the lowest BMC levels (2740.2 g). A higher dairy intake alone (high/ low) was slightly more beneficial to BMC (2914.0 g) than was a higher intake of meats and other proteins alone (low/high) (BMC ϭ 2854.9 g).
In each cross-classification, children with higher intakes in both of the selected food groups had the highest BMC levels, and those with lower intakes in both food groups had the lowest BMC levels. Another consistent finding throughout Table II was that dairy intake, whether alone or in combination with other dietary factors, had a strong beneficial effect on all bone outcomes. Table III focuses on dairy's effects on region-specific bone outcomes. Here, the consumption of two or more servings per day throughout the childhood years led to higher BMC levels by the time of adolescence in all individual regions, but especially in the arms, legs, trunk, ribs, and pelvis.
DISCUSSION
This study provides longitudinal evidence that childhood dairy intake directly affects adolescent bone health. The effects of dairy in this study were not restricted to appendicular bone as has been suggested in some previous studies. 25 Instead, these beneficial effects were seen across various regions, including weightbearing and non-weight-bearing appendicular bone, as well as axial bone. The beneficial effects of dairy on total body bone health were strengthened by diets that were higher in meats and other nondairy proteins.
Peak bone mass is acquired during adolescence. Although genetics may account for 75% of peak bone mass, diet and activity are crucial modifiable contributors. 26 Dairy is the primary source of calcium in the diets of American children. Even though the USDA recommends 3 or more servings of dairy per day for children aged 9 years and older, we used 2 servings per day here to define higher and lower levels of intake; this exposure variable reflects average intake over several years, ranging from preschool age to adolescence. There were too few children consuming 3 or more servings per day throughout childhood to evaluate this higher cut point.
Earlier studies of calcium effects on bone mass have yielded conflicting results. The calcium content of bone is determined by a tightly regulated system in which adequate dietary calcium is essential. It is possible that above some threshold, additional calcium provides no additional benefit. As noted in a review by Wosje and Specker, 27 results may also vary from study to study because of methodologic difference such as the use of varying referent groups, failure to include a clear control group, narrow ranges of intake, or the use of bone measurements from different sites. Although reviews have shown that calcium intake may have beneficial short-term effects on bone health, some have concluded that these short-term effects do not persist over time. 25 This longitudinal study therefore provides important information about the effects of longer-term patterns of intake on peak bone mass.
In the United States, dairy is a key dietary source of vitamin D, a nutrient that is essential to efficient intestinal *Baseline height and BMI adjusted for sex and baseline age. †Means (adjusted for age and sex) are estimated as an average during exposure period (from preschool to exam before bone scan). ‡Height, weight and BMI at time of bone scan adjusted for sex and age at time of bone scan.
absorption of calcium. Although most dairy consumed is in the form of fluid milk throughout childhood and adolescence, this is particularly true during the childhood and early adolescent years. 28 Thus children who consume more dairy will not only take in more calcium, but more vitamin D as well. Dairy proteins may also play a role. Whey, the principal dairy protein, may affect the acquisition of bone by increasing osteoblastic activity and reducing the osteoclastic process. 29 Whey protein has also been shown to suppress bone resorption. 30 Thus it is possible that this dairy protein could provide beneficial effects on bone mineralization in children.
In this study, the combined intakes of dairy, meats, and other protein source foods were associated with a higher BMC, BMD, and BA. Historically, higher intakes of dietary protein in adults have been believed to lead to increased bone resorption and increased fracture risk. [31] [32] [33] However, many epidemiologic studies and clinical trials have found that higher protein intakes were associated with less bone loss and a reduced risk of hip fracture. 21, [34] [35] [36] The consumption of animal protein, particularly milk, stimulates the production and action of insulin-like growth factor-1, which promotes greater linear growth in children. 34, 37, 38 Thus insulin-like growth factor-1 may support bone formation and help to offset the renal loss of calcium that may be associated with protein intake.
Dawson-Hughes 39 concluded that protein intake has more favorable effects on bone when dietary calcium requirements are met. Spencer et al 40 suggest that the beneficial effects of abundant dietary protein on calcium balance may be attributable to its phosphorus content. Thus the effects of dietary proteins on bone health may depend on total nutrient composition of the protein food sources. 32 Just as calcium in dairy may offset the potential leeching of calcium associated with high protein intakes, the high potassium content of plant proteins seems to offset any negative protein effects and decrease urinary calcium losses. The intakes of 2 or more servings of dairy combined with higher intakes of fruits and vegetables in this study led to higher bone mass. This too could be attributable to the vitamin and mineral content of fruits and vegetables (eg, potassium) that are important to bone health.
The FCS has a number of important strengths, but one of the most important ones is the availability of detailed dietary data collected over many years during childhood. This enabled us to classify the children more accurately with respect to their usual pattern of dietary intake. Also, detailed covariate information was collected over the years, giving us better control of possible confounding by other factors such as age, body size, and physical activity. It is possible that higher dairy consumption simply reflects a healthier lifestyle in general. Thus the ability to control confounding by such factors as physical activity level is particularly important. The multiple years of replicate data on activity with an electronic motion sensor is an important strength of the study. The most notable weakness of the FCS is its sample size, which yields limited power for stratified analyses. We attempted to examine the effects of meeting USDA Dietary Guideline recommendations for dairy intake. However, because only 16.7% of children in this sample at 9 to 17 years of age met the guidelines for dairy (and only 12% met the guidelines for calcium), there was inadequate power to address questions associated with the effects of meeting the Dietary Guidelines.
The findings of this study confirm the importance of a diet rich in dairy and other protein sources on adolescent bone mass. Many previous studies have examined shorter-term nutrient effects, most notably calcium effects, in clinical trials. Although these studies have aided in understanding of the potential mechanism of dairy's beneficial effects, they do not provide the sufficient evidence of longer-term effects. The data from the FCS add to our knowledge and understanding of the longer-term effects of dietary patterns on bone health in growing children.
